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1. Introduction

We continue to investigate low-power confocal microwave technology to detect and image
early-stage breast cancers. The technology exploits the dielectric property contrast between
normal breast tissues and malignant tumors at microwave frequencies. The microwave imaging
is performed by a planar antenna array contacting only one side of the breast. The antenna array
elements collect backscattered signals. The digital signal processing scheme used for coherent
summation of these signals depends upon the average dielectric properties of the local breast
tissues. Patient-specific calibration of the microwave imager requires knowledge of these
properties.

We are investigating a time-domain inverse-scattering technique to measure the skin
thickness and dielectric parameters in the area of the human breast. Our study is motivated by
several well-documented findings. Skin thickness is patient-specific, but we also note that within
a single patient measurements revealed regional anatomical variations. A number of factors can
cause thickening of mammary skin. Although our study is primarily motivated by assisting
patient-specific calibration of the microwave breast cancer imaging system, we note that
determining breast skin thickness can also help diagnose possible pathologies in the underlying
tissue and in the patient in general.

In this report, we illustrate by simple calculation the importance of correct skin thickness
assumption for calculating time delays essential for the image-formation signal processing
algorithm of the microwave system. Furthermore, we present results of development of the two-
dimensional time-domain inverse-scattering algorithm for simultaneous estimate of electrical
permittivity €.qin and conductivity Ogin Of the skin layer. This algorithm locates the search
trajectory in the (€.skin » Oskin ) Space. The minimal parameter estimation error along this
trajectory should yield a set of correct parameter values.

Our investigations show that the search trajectory and the convergence error depend on the
shape and the duration of the pulse chosen for the electrical parameter reconstruction. The time-
domain nature of the inverse-algorithm allows for limiting the region of inversion. Thus, when
the parameters of skin are estimated, the skin thickness can be determined by comparing the
measurement with a simulated all-skin response. After this step, the skin thickness, €.qin and
Os«in are known, and, by exploiting the causality principle, we can employ the same inversion
scheme to determine the electrical parameters of the underlying breast fatty tissue. Current and
near-future work involves testing the algorithm robustness in the presence of Gaussian noise for
various signal-to-noise ratios.

2. Body

2.1 Skin thickness in the area of the human breast

Breast skin thickness can be estimated from film-screen mammograms [3]. Skin thickness is
patient-specific, but we also note that within a single patient measurements revealed regional
anatomical variations [3], [6]-[15]. From the mediolateral view, the range in skin thickness in the
superior breast area is 0.7-2.3mm, and in the inferior area 0.7-2.7mm. From the craniocaudad
view, skin thickness ranges 0.6-2.4mm and 0.5-2.lmm in the medial and lateral area,




respectively. A number of factors can cause thickening of mammary skin [3], [6]-[15]. The
major reported localized causes are carcinoma, inflammation, trauma, fat necrosis, post-biopsy
and dermatological conditions. Among the generalized factors associated with increase in breast
skin thickness are breast cancer, metastatic disease, inflammation, primary skin disorders,
anasarca, any cause of lymphatic obstruction, radiation therapy and surgery. Although our study
is primarily motivated by assisting patient-specific calibration of the microwave breast cancer
imaging system of [1,2], we note that determining breast skin thickness can also help diagnose
possible pathologies in the underlying tissue and in the patient in general.

2.2 Microwave breast tumor imaging system: dependency on the correct skin thickness
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Figure 1. (a) 2-D sketch of the microwave antenna array used for breast tumor detection. The sketch shows the
propagation path used to determine time delay between transmission and reception of the signal backscattered from
the tumor for each antenna element. (b) Analytically calculated time delays for antenna array elements for extreme
values of the reported breast skin thickness range.

To illustrate the importance of knowledge of correct skin thickness value on the operation of
the microwave tumor imaging system of [1] in Fig. 1(a) we sketch a simplified 2-D geometry of
a 17-element microwave antenna array system adjacent to the breast skin. Beneath the skin is a
homogeneous slab of the fatty breast tissue. We assume the tumor location to be on the antenna
array axis and 3 cm deep in the breast tissue. The system relies on high dielectric contrast
between tumors and the healthy tissue in the microwave frequency range (relative electric
permittivity: tumor &-.pmor = 50, breast tissue &-.preast = 9, skin &.sun = 36, electric conductivity:
tumor Oymor = 7 S/m, breast tisSue Opreqasr = 0.4 S/m, skin Oy, = 4 S/m) [1]. A sub-nanosecond
pulse is launched from each array element, which then collects the reflection. For each element,
there is a time delay between the pulse transmission and its received reflection. This delay is




determined by a propagation path illustrated in Fig. 1(a), and calculated with assumed
knowledge of skin thickness and dielectric parameters of skin and breast tissue — all media
present in the propagation path. As a signal processing stage, the difference in time delays for
different array elements is used to shift and coherently sum signals received by individual
elements, thus achieving signal gain through this coherent summation. Therefore, an incorrect
assumption of skin thickness and/or &g, can cause incorrect calculation of time delays and
hence lack of coherency in summation of signals received by different antenna array elements.

Fig. 1(b) graphs the calculated time delays as a function of antenna element location for the
extreme values of the breast skin thickness range. We see that the variation in these delays for
two skin thickness values is comparable to the difference in time delays for two adjacent
antennas for each thickness value under consideration. We conclude that the knowledge of the
correct value for skin thickness at each point of the imaged breast area is essential for efficient
operation of the newly proposed microwave breast cancer detection system.

2.3 Obtaining the skin thickness

Before describing results for the algorithm for simultaneous recovery of both skin electrical
parameters, we here briefly illustrate how we can proceed in estimating the breast skin thickness
once the patient-specific values for &.g4in and Oy, are determined, as illustrated with FDTD
simulation results in Fig. 2 for an assumed 60-ps differentiated Gaussian pulse. Due to the
dielectric contrast between skin and the underlying breast tissue, the propagating pulse reflects
off the skin — breast tissue interface. By comparing the response for the finite skin thickness case
to the simulation which assumes a homogeneous skin half-space, the observed time of the first
reflection yields information for the skin thickness. 2-D FDTD simulations were run to obtain
the all-skin response and responses for assumed skin thicknesses of 0.6, 1.2, 1.8 and 2.4mm.
Then, the estimated time of the peak value of the first reflection with respect to the peak of the
all-skin response is used to estimate the skin thickness (Fig. 2). The resulting breast skin
thickness values obtained in this manner were 0.51, 1.25, 1.85 and 2.45mm.

2.4 Time-domain inverse-scattering scheme: obtaining €, g, and Oy, from the received
signal

This section summarizes continuing work on a 2-D FDTD inverse-scattering technique for
obtaining skin relative permittivity €., and electric conductivity Og;,. The algorithm is based
on a previously reported work on one-dimensional “layer stripping” [4]. An antenna adjacent to
the skin emits a sub-nanosecond pulse. The antenna also acts as a receiver to collect the
backscattered signal. The time evolution of the backscattered signal contains information on
tissue layers located progressively deeper within the breast. We begin the inverse-scattering
algorithm by making an intelligent guess for the unknown skin properties. These parameters are
fed into an FDTD forward-scattering element, which calculates a trial backscattered signal. The
trial and measured backscattered signals are then compared and used to establish an error value.
If error criteria are not met, the values of &.g: , Owin are perturbed using a gradient-search
method to yield another trial set of parameters and another backscattered signal, which is again
compared to the reference signal. This procedure is repeated until the values of &4, and
Osin used in the FDTD simulation yield a calculated backscattered response sufficiently close to
the measured backscattered signal. In the previous Annual Report [5], we illustrated convergence




of &.g4in for two initial guesses of &.gin and Ogwin being fixed to its nominal value. Similar
convergence was shown for G, with &g, fixed.
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For the study of search trajectory in the (€.skin » Oskin) Space, we considered several incident
waveforms and durations. Here, we summarize the methodology of investigation by presenting
our findings for three excitation waveforms: a 120-ps differentiated Gaussian pulse, a 5-ps
differentiated Gaussian pulse, and a 5-ps rise-time ramp function, having an amplitude equal to
that of the 5-ps differentiated Gaussian. In each case, the skin thickness was fixed to 1 mm. For
each signal waveform under consideration, we implement the following steps in our analysis:

Step 1. Use FDTD to calculate a simulated measured response for a 1-mm-thick skin layer
adjacent to a breast tissue half-space, assuming literature values, €.six=36 and Ogin = 4 S/m.
Estimate the time window for pulse Tyingow for the inverse-scattering operations to avoid
reflections from the underlying breast-skin interface.

Step 2. For each €.y, in the range of 50% around the nominal value, run the inverse-
scattering code for Tyindow - This iteratively estimates Ogqin until the imposed error criterion is
met. Therefore, for each assumed &g, , the code converges to a corresponding value of Ggin -
The calculated set of values for the whole range of €4 under investigation yields a search
trajectory in the (€.skin , Oskin) parameter space, as shown in Fig. 3(a), Fig. 4(a) and Fig. 5(a). This
trajectory should include, with an allowed small deviation, the point of nominal values, €:.i,=36
and Ogin =4 S/m.

Step 3. For each estimated G, obtained in the previous step, we plot the cumulative error,
i.e. the difference between the trial signal and the simulated measured signal for all time steps




within Tyindow in the Ly-normed sense. Sample curves of error vs. O, are graphed in Fig. 3(b),
Fig. 4(b) and Fig. 5(b). In each graph, the minimum error occurs for the value closest to the
reference value, Oy, = 4 S/m. This implies that minimizing the L,-normed error can be used as
the search criterion along the determined trajectory in the (€.sin » Oskin ) parameter space to reach
the assumed reference point.

Several key conclusions can be drawn from Fig. 3, 4 and 5. First, Tyndow must be carefully
chosen. It is critical that Ty;q0w be small enough to avoid the reflection from the skin-breast
interface, which corrupts the received signal. However, Tyingow must be large enough to allow the
received pulse to contain meaningful information concerning the skin electrical parameters.
Second, the shape of the search trajectory in the (€.qin , Oskin) Space and the cumulative error
function depends on the time waveform of the excitation signal and its duration. In Fig. 3(a), for
the 120-ps differentiated Gaussian pulse, Tyindow = 400 time steps. This period covers only the
leading edge of the pulse, and the trajectory in the (€.skin ,Oskin) SPace is a straight line. In Fig.
4(a), for the 5-ps differentiated Gaussian response, Tyindow = 80 time steps. This period covers the
complete pulse, and the trajectory in the the (€.sin » Oskin) Space is a parabolic function. Linearity
of the search trajectory is again observed for the 5-ps ramp function. We note that the cumulative
L,-normed error function has a much sharper minimum in Fig. 4(b) than either in Fig. 3(b) and
Fig. 5(b). This is favorable for accurate skin parameter determination in the presence of noise,
which will be studied in the near-future work.
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Figure 3. Results for the 120-ps differentiated Gaussian pulse excitation. (a) Search trajectory in (&.gin , Osin)
space search. T ingow = 400 time steps , where At=0.3335ps. (b) The cumulative error vs. estimated Og;, values,
showing a broad null at the location of the assumed accurate values of the skin parameters.
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3. Key Research Accomplishments

»  Thorough study of the skin within the area of human breast (normal thickness range,
abnormalities, causes of thickening).

»  Analysis of importance of determining accurate, local, patient-specific breast thickness
in calibration of the microwave detection and imaging system.

»  2-D development of an inverse-scattering FDTD algorithm for simultaneous recovery
of electrical parameters of the skin (relative permittivity €.4in and electrical
conductivity O, ) from a simulated backscattered signal:

e Locating search trajectory in the (€.skin, Oskin) SPace ;

e Determining the L2-normed error along the search trajectory ;

e Determining search trajectory dependence on the shape and duration of the
excitation signal waveform, then optimizing.

»  Principle for determining skin thickness after the recovery of €.qin and Ogin .

»  Current work: testing the robustness of the 2-D FDTD inverse-scattering algorithm in
the presence of Gaussian noise .

4. Reportable Outcomes

Conference papers and presentations: (please see appendices)

[Appendix A] M. Popovic and A. Taflove, “Obtaining Microwave Properties of Near-Surface
Body Tissues Using 2-D FDTD Inverse-Scattering Technique”, The Bioelectromagnetics
Society (BEMS), Twenty-Second Annual Meeting Abstract Book, The Technical University,
Munich, Germany, June 11-16, 2000, pp. 23-24.

[Appendix B} M. Popovic and A. Taflove, “Time Domain Inverse-Scattering Technique for
Obtaining Microwave Properties of Near-Surface Body Tissues”, Progress In
Electromagnetics Research Symposium (PIERS) 2000, Proceedings, Cambridge,
Massachusetts, USA, July 5-14, 2000, pp. 550.

[Appendix C] M. Popovic and A. Taflove, “Skin Thickness and Dielectric Parameter
Evaluation in the Microwave Range Using and FDTD Inverse-Scattering Technique”, 2001
URSI International Symposium on Electromagnetic Theory, Proceedings, Victoria, Canada,
May 13-17, 2001, pp. 482-484.

Awards:
EMF Clinical Applications Award, The Bioelectromagnetics Society (BEMS), Twenty-

Second Annual Meeting Abstract Book, The Technical University, Munich, Germany, June
11-16, 2000.




5. Conclusions

Motivated by the need to calibrate the recently proposed microwave breast tumor detection
system, we are investigating a two-dimensional time-domain inverse-scattering algorithm for
determining skin thickness, electrical permittivity &g, and conductivity Gin -

Skin thickness within the human breast exhibits patient-to-patient and regional anatomical
variations. Simple analysis of the 2-D geometry used to study image-formation signal processing
algorithm of the microwave breast cancer detection system shows that the knowledge of the
correct value for skin thickness is essential for accurate operation of the system. In addition to
helping calibrate such a system, a non-invasive means of calculating local breast skin thickness
from the information contained in the backscattered signals may serve as a pre-diagnostic tool
for possible underlying disease in the breast and the human body in general.

We conducted a study of a novel two-dimensional time-domain inverse-scattering algorithm
for simultaneous estimate of electrical parameters of the skin (€.qin and Osin). This algorithm
traces a search trajectory in the (€;.in , Oskin ) Space. The minimal parameter estimation error
along this trajectory yields a set of correct parameter values. These results of the inverse-
scattering technique depend on the shape and the duration of the pulse chosen for the electrical
parameter reconstruction.

The time-domain nature of the inverse-algorithm allows for limiting the region of inversion.
Thus, when the parameters of skin are estimated, the skin thickness can be determined by
comparing the measurement with a simulated all-skin response.

Current and near-future work involves testing the algorithm robustness in the presence of
Gaussian noise for various signal-to-noise ratios. The following logical step is the expansion of
the method to include recovery of electrical parameters of the underlying tissue layer.
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APPENDIX A: The Bioelectromagnetics Society (BEMS), Twenty-Second Annual
Meeting Abstract Book, The Technical University, Munich, Germany, June 11-16, 2000,
pp. 23-24.

OBTAINING MICROWAVE PROPERTIES OF NEAR-SURFACE BODY
TISSUES USING 2-D FDTD INVERSE-SCATTERING TECHNIQUE. M. Popovic
and A. Taflove*, Northwestern University, Evanston, Illinois 60208, USA.

OBJECTIVE: Our goal is to demonstrate a 2-D FDTD inverse-scattering algorithm that,
when externded to 3-D, will permit a noninvasive measurement of microwave properties of
the near-surface body tissues. METHOD: We use the measured “early-time” response of an
ultrawide-band sensor element to unfold the dielectric properties and thickness of the skin
and the average dielectric properties of the tissue beneath the skin. The measured data are
time samples of Z(z), the ratio of the voltage and current waveforms observed at the driving
point of the element. We analyze the Z(z) data by adapting the technique reported
(Umashankar et al., J. Electromagn. Waves Apps., 1994) for unfolding the properties of a
layered half-space from plane-wave pulse-reflection measurements taken at its surface. Here,
an initial guess for the layer thicknesses and dielectric parameters is provided to an FDTD
forward-scattering code which calculates the reflected pulse at the surface. This pulse is
subtracted from the measured response to yield an error signal that is provided to a
Levenberg-Marquardt (LM) nonlinear optimization routine. Based upon the norm of the
error signal, the LM routine generates an improved guess for the layer thicknesses and
dielectric parameters. This improved guess is fed back to the FDTD forward-scattering code
which calculates a new reflected pulse at the surface and the process repeats. Convergence
occurs when no further reduction of the error signal is possible. At this point, the final layer
thicknesses and electrical properties used in the FDTD element are taken to be parameters of
the physical system. In the present problem, the excitation is not a normally incident plane
wave. Instead, it is an approximately spherical wave originating at the feedpoint of the
antenna element. The method reported in the literature must therefore be adapted. In this
initial work, we implement this change by substituting a 2-D forward-scattering FDTD code
for the 1-D forward-scattering FDTD code. Representative numerical simulations are
provided that include the effects of simulated additive Gaussian noise. RESULTS: We have
found that a 2-D FDTD inverse-scattering algorithm yields accurate data for skin thickness,
skin dielectric properties and the dielectric properties of the tissues immediately under the
skin in the presence of the additive Gaussian noise. DISCUSSION: The proposed technique
may assist the development of recently reported noninvasive microwave imaging schemes
utilizing the backscatter of short pulses. Such methods require a good estimate of the average
skin thickness and properties of the underlying tissues to unfold the impulsive backscattered
waveform, thereby obtaining an image of subcutaneous tissues. This work was supported by
United States Department of Defense Pre-doctoral Traineeship BC981143.
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APENDIX B: Progress In Electromagnetics Research Symposium (PIERS) 2000,
Proceedings, Cambridge, Massachusetts, USA, July 5-14, 2000, pp. 550.

Time Domain Inverse Scattering Technique for Obtaining Microwave
Properties of Near-Surface Body Tissues

Milica Popovic and Allen Taflove

This paper reports a time-domain inverse-scattering algorithm that permits a noninvasive
measurement of microwave properties of the near-surface body tissues. We use the measured
“early-time” response of an ultrawide-band sensor element to unfold the dielectric properties
and thickness of the skin and the average dielectric properties of the tissue beneath the skin.
The measured data are time samples of Z(z), the ratio of the voltage and current waveforms
observed at the driving point of each element.

We analyze the Z(t) data by adapting the technique reported in [1] for unfolding the
properties of a layered half-space from plane-wave pulse-reflection measurements taken at its
surface. Here, an initial guess for the layer thicknesses and dielectric parameters is provided
to an FDTD forward-scattering code which calculates the reflected pulse at the surface. This
pulse is subtracted from the measured response to yield an error signal that is provided to a
Levenberg-Marquardt (LM) nonlinear optimization routine. Based upon the norm of the error
signal, the LM routine generates an improved guess for the layer thicknesses and dielectric
parameters. This improved guess is fed back to the FDTD element which calculates a new
reflected pulse at the surface and the process repeats. Convergence occurs when no further
reduction of the error signal is possible. At this point, the final layer thicknesses and electrical
properties used in the FDTD element are taken to be parameters of the physical system.

In the present problem, the excitation is not a normally incident plane wave. Instead, it is
an approximately spherical wave originating at the feedpoint of the antenna element. The
method of [1] must therefore be adapted. In this initial work, we implement this change by
substituting a 2-D forward-scattering FDTD code for the 1-D forward-scattering FDTD code
reported in [1]. Representative numerical simulations are provided that include the effects of
simulated additive Gaussian noise.

The proposed technique may assist the development of recently reported noninvasive
microwave imaging schemes utilizing the backscatter of short pulses. Such methods require a
good estimate of the average skin thickness and properties of the underlying tissues to unfold
the impulsive backscattered waveform, thereby obtaining an image of subcutaneous tissues.
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SKIN THICKNESS AND DIELECTRIC PARAMETER EVALUATION IN THE
MICROWAVE RANGE USING AN FDTD INVERSE-SCATTERING TECHNIQUE

M. Popovic, A. Taflove
Electrical and Computer Eng. Dept., Northwestern University, Evanston, Illinois 60208, USA

Abstract. We are investigating a time-domain inverse-scattering technique to measure the skin thickness and dielectric parameters in
the area of the human breast. Our study is motivated by several well-documented findings. Accurate values of breast skin thickness and
dielectric parameters would help to perform patient-specific calibration of a recently proposed microwave detection system for breast
tumors [1],[2]. Furthermore, skin thickness can be used to assist the diagnosis of possible underlying tissue disease [3].

Skin thickness in the area of the human breast. Breast skin thickness can be estimated from film-screen
mammograms [3]. Skin thickness is patient-specific, but we also note that within a single patient measurements
revealed regional anatomical variations. From the mediolateral view, the range in skin thickness in the superior
breast area is 0.7-2.3mm, and in the inferior area 0.7-2.7mm. From the craniocaudad view, skin thickness ranges
0.6-2.4mm and 0.5-2.1mm in the medial and lateral area, respectively. A number of factors can cause thickening
of mammary skin [3]. The major reported localized causes are carcinoma, inflammation, trauma, fat necrosis,
post-biopsy and dermatological conditions. Among the generalized factors associated with increase in breast
skin thickness are breast cancer, metastatic disease, inflammation, primary skin disorders, anasarca, any cause of
lymphatic obstruction, radiation therapy and surgery. Although our study is primarily motivated by assisting
patient-specific calibration of the microwave breast cancer imaging system of [1,2], we note that determining
breast skin thickness can also help diagnose possible pathologies in the underlying tissue and in the patient in
general.

Microwave breast tumor imaging system and its dependency on the correct skin thickness. To illustrate the
importance of knowledge of correct skin thickness value on the operation of the microwave tumor imaging
system of [1] in Fig. 1(a) we sketch a simplified 2-D geometry of a 17-element microwave antenna array system
adjacent to the breast skin. Beneath the skin is a homogeneous slab of the fatty breast tissue. We assume the
tumor location to be on the antenna array axis and 3 cm deep in the breast tissue. The system relies on high
dielectric contrast between tumors and the healthy tissue in the microwave frequency range (relative electric
permittivity: tumor &.umor = 50, breast tissue &.preqs = 9, skin &.qn = 36, electric conductivity: tumor Gymor= 7
S/m, breast tissue Opeqsr = 0.4 S/m, skin Oy, =4 S/m) [1]. A sub-nanosecond pulse is launched from each array
element, which then collects the reflection. For each element, there is a time delay between the pulse
transmission and its received reflection. This delay is determined by a propagation path illustrated in Fig. 1(a),
and calculated with assumed knowledge of skin thickness and dielectric parameters of skin and breast tissue —
all media present in the propagation path. As a signal processing stage, the difference in time delays for different
array elements is used to shift and coherently sum signals received by individual elements, thus achieving signal
gain through this coherent summation. Therefore, an incorrect assumption of skin thickness and/or &4, can
cause incorrect calculation of time delays and hence lack of coherency in summation of signals received by
different antenna array elements. Fig. 1(b) graphs the calculated time delays as a function of antenna element
location for the extreme values of the breast skin thickness range. We see that the variation in these delays for
two skin thickness values is comparable to the difference in time delays for two adjacent antennas for each
thickness value under consideration. We conclude that the knowledge of the correct value for skin thickness at
each point of the imaged breast area is essential for efficient operation of the newly proposed microwave breast
cancer detection system.
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Figure 1. (a) 2-D sketch of the microwave antenna array used for breast tumor detection. The sketch shows the propagation path used to
determine time delay between transmission and reception of the signal backscattered from the tumor for each antenna element. (b)
Analytically calculated time delays for antenna array elements for extreme values of the reported breast skin thickness range.

Time-domain inverse-scattering scheme: obtaining &g, and Oy, from the received signal. In this paper, we
summarize the basis of a 2-D FDTD inverse-scattering technique for obtaining skin parameters. The technique
has previously been studied for a 1-D layered medium illuminated by a plane wave [4]. We assume that the
following skin properties are of interest and thus represent three unknown variables: relative electric permittivity
&-.stin » €lectric conductivity Oy, and skin thickness.

An antenna adjacent to the skin emits a sub-nanosecond pulse. The antenna also acts as a receiver to collect the
backscattered signal. The time evolution of the backscattered signal contains information on tissue layers
located progressively deeper within the breast. We begin the inverse-scattering algorithm by making an
intelligent guess for the unknown skin properties. These parameters are fed into an FDTD forward-scattering
element, which calculates a trial backscattered signal. The trial and measured backscattered signals are then
compared and used to establish an error value. If error criteria are not met, the values of & gin , Ouin are
perturbed using a gradient-search method to yield another trial set of parameters and another backscattered
signal, which is again compared to the reference signal. This procedure is repeated until the values of &g, and
O,un used in the FDTD simulation yield a calculated backscattered response sufficiently close to the measured
backscattered signal. Fig. 2(a) illustrates convergence of .., for two initial guesses of &, and Oy, being
fixed to its nominal value. Similar convergence is observed for Oy, with & g, fixed.

Once the patient-specific values for €., and Oy, are determined, we can proceed with a simpler algorithm to
determine the breast skin thickness, as illustrated with FDTD simulation results in Figure 2(b). Due to the
dielectric contrast between skin and the underlying breast tissue, the propagating pulse reflects off the skin —
breast tissue interface. By comparing the response for the finite skin thickness case to the simulation which
assumes a homogeneous skin half-space, the observed time of the first reflection yields information for the skin
thickness. 2-D FDTD simulations were run to obtain the all-skin response and responses for assumed skin
thicknesses of 0.6, 1.2, 1.8 and 2.4mm. Then, the estimated time of the peak value of the first reflection with
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respect to the peak of the all-skin response is used to estimate the skin thickness (Fig. 2(b)). The resulting breast
skin thickness values obtained in this manner were 0.51, 1.25, 1.85 and 2.45mm.
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Figure 1. (a) Convergence of &.g;, obtained by the FDTD inverse-scattering scheme for a fixed value of Oy;,=4S/m. (b) Estimate of skin
thickness with previously determined &gy, , Ogwin - We compare the peak response for the finite skin thickness case to the simulation
which assumes a homogeneous skin half-space. The observed time of the first peak reflection yields information for the skin thickness.
Signal used in the shown study is a 60-ps differentiated Gaussian pulse.
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Near-future work and acknowledgements. Current investigations involve algorithms which determine &y, ,
O.un and skin thickness simultaneously. Subsequently, the methodology for recovering dielectric skin parameters

can be used for simultaneous calculation of the underlying breast tissue properties, &.preasr A1d Opyreqs: - This work
is funded by United States Department of Defense Pre-Doctoral Grant (Award Number: DAMD17-99-1-9335).
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